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Abstrat We investigate the prodution of long lived
metastable (4
3
P2) alium atoms in a magneto-optial
trap operating on the 4
1
S0 → 41P1 transition at 423 nm.
For exited 4
1
P1 atoms a weak deay hannel into the
triplet states 4
3
P2 and 4
3
P1 exists via the 3
1
D2 state.
The undesired 4
3
P1 atoms deay bak to the ground
state within 0.4 ms and an be fully reaptured if the
illuminated trap volume is suiently large. We obtain
a ux of above 1010 atoms/s into the 43P2 state. We nd
that our MOT life time of 23 ms is mainly limited by this
loss hannel and thus the 4
3
P2 prodution is not ham-
pered by inelasi ollisions. If we lose the loss hannel by
repumping the 3
1
D2 atoms with a 671 nm laser bak into
the MOT yling transition, a non-exponential 72 ms
trap deay is observed indiating the presene of inelas-
ti two-body ollisions between 4
1
S0 and 4
1
P1atoms.
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1 Introdution
In reent years the development of magneto-optial traps
(MOT) proeeded upon the detailed investigation of laser
ooling and trapping in the alkali group, that ulminated
in the observation of Bose-Einstein ondensation (BEC)
[1,2℄. Although seleting alkali atoms for this venture
proved suessful due to the simpliity of their energy
level shemes, it beame obvious, that in order to shorten
the ooling times towards ondensation of typially > 10
s one would have to abandon the onept of evaporative
ooling in magneti traps and proeed to all-optial so-
lutions instead. Earth-alkali atoms oer narrow optial
transition lines beause of their two valene eletrons and
onsequent energy level omplexity of spin zero singlet
states and spin one triplet states. These interombina-
tion lines open up new possibilities for improved ool-
ing shemes with the promise to reah partiularly low
temperatures lose to or even below the ritial tem-
perature for BEC [3,4,5℄. Novel, possibly very eient
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Figure 1 Relevant energy levels of
40
Ca inluding the strong
ooling and trapping line at 423 nm, the repumping laser at
671 nm, the ooling and probing transitions for metastable
atoms at 1978 nm and 430 nm respetively.
paths towards quantum degenray as, for example, mat-
ter wave ampliation by optial pumping (MAO) [6℄
may beome feasible with earth alkaline atoms [7℄. Our
approah to a realization of the MAO sheme in alium
involves a dense and old MOT for long-lived (118 min.
[8℄) metastable 4
3
P2 atoms [9℄. This MOT operates on
the losed yle 4
3
P2 → 43D3 transition at 1978 nm
(f. g. 1). Beause of its narrow line width of 60 kHz
this infrared transition provides a Doppler-temperature
of only 3 mirokelvin. In addition, its Zeeman substru-
ture implies the presene of polarization gradient ool-
ing with the promise of temperatures approahing the
reoil limit of 122 nK. Suh old alium samples would
yield a wealth of new physis. For example, the simple
struture of the zero spin ground state allows for preise
omparisons between theory and experiments in ultra-
old ollision studies. Ultraold alium samples should
also boost the developement of novel optial time and
length standards based on the 408 Hz interombination
line at 657 nm [10℄.
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2 Prodution sheme of metastable alium
samples
In order to load a 4
3
P2-MOT, preooled 4
3
P2 atoms have
to be produed at a high rate. In this paper we disuss
the prodution of a ontinuous ux of more than 10
10
old 4
3
P2 atoms per seond from a MOT operating on
the 4
1
S0 → 41P1 transition at 423 nm (natural linewidth
Γnat/2pi = 34.6 MHz). We utilize the fat that there is
a weak deay hannel for exited 4
1
P1 atoms into the
3
1
D2 state ouring at a rate of 2180 s
−1
[11℄. About
78 % of the 3
1
D2 atoms return to the ground state in
approximately 3 ms either diretly in a quadrupole tran-
sition or via the 4
3
P1 state whih deays via the 657 nm
interombination line. These atoms are not subjet to
trapping fores during this time and will move out of
the trap at an average speed of 1 m/s. Thus the illumi-
nated apture volume of the MOT has to be suiently
large (Ø = 1 m) to ompletely reapture them one they
returned to the ground state. The remaining 22 % are
transfered to the desired metastable 4
3
P2 state. These
atoms exhibit the Doppler-limited MOT temperature of
typially 1-2 mK, whih appears ideal as a starting point
for further ooling.
3 Experimental apparatus
A detailed desription of the 4
1
S0-MOT setup is given
in [7℄. This MOT is loaded from a thermal Ca oven at
650
◦
C through a onventional dereasing eld Zeeman
slower operated with a slowing laser tuned 270 MHz be-
low resonane. The appropriate laser light at 423 nm
is produed by a frequeny-doubled Ti:Sapphire laser
pumped with 10 W pumping power at 532 nm from a
ommerial solid state laser system. This results in about
300 mW of blue radiation of whih 2/3 an be used for
the experiment, having to be shared upon the Zeeman
ooler, a two-dimensional transverse ooling stage at its
exit and the MOT itself. The MOT-beams are about
10 mm in diameter yielding a saturation parameter of
1/2. For optial pumping experiments (repumping 3
1
D2-
atoms) desribed below, we employ an external avity
diode laser system at 671 nm. The 10 mW diode provides
3.6 mW output at the 3
1
D2 → 51P1 transition wave-
length of 671.769 nm (air). A fration of 1.3 mW is avail-
able in the trap after beam shaping. For diret detetion
of metastable 4
3
P2 atoms we use a frequeny doubled
external avity diode laser at 860 nm with 30 mW us-
able output power. After resonant frequeny doubling
in KNbO3 and beam shaping we have 5 mW available
resonant with the 4
3
P2 (4s4p)→ 43P2 (4p2) transition
at 430.252 nm (air). As a frequeny referene for this
laser we have ombined a DC disharge with a alium
heatpipe. Inside a 15 m glass tube alium is heated
to 600
◦
C in a small steel up whih represents the ath-
ode of a DC disharge operated with 1 kV in 2 torr of
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Figure 2 Deay (a) and loading (b) of the trap with ()
and without () appliation of a repumping laser ating on
the
1
D2 population.
neon. Using Doppler-free polarization spetrosopy we
obtain dispersive signals with signal to noise above 50,
well suited for frequeny stabilization of the laser. For
analyzing our system we an observe independently the
uoresene at 657 nm with a photo multiplier tube and
at 423 nm with a alibrated photo diode.
4 Flux of metastable atoms
We an determine the ux of metastable atoms indiretly
by measuring the number of 4
1
P1 atoms in our MOT,
whih an be ahieved by observing the 423 nm uo-
resene. In the steady state we nd a 4
1
P1-population
N(4
1
P1) = 4 · 107 whih translates into a ux of
N(41P1) · 0.22 · 2180 s−1 = 2 · 1010 s−1
into the 4
3
P2 state. We an hek whether N(4
1
P1) is
limited by imperfet reyling of atoms deaying from
3
1
D2 to the ground state by means of a life time mea-
surement of the MOT. Suh a measurement is done by
shutting o the Zeeman ooler, thus terminating fur-
ther loading and observing the deaying 423 nm uo-
resene. The result in g. 2 shows a lean exponential
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Figure 3 When the 430 nm probing laser is pulsed on while
the MOT is operating the red uoresene at 657 nm is in-
reased by 12 % beause metastable
3
P2 atoms are transfered
to
3
P1 and deay to the ground state via the interombina-
tion line.
deay with a time onstant of 22.6 ms. Using the rate
equation model disussed in [7℄ (f. eq.(3)) with the sat-
uration parameter of 0.5 in our MOT we obtain 100 %
reapture eieny.
In order to observe the ux of atoms into the 4
3
P2-
state in a diret fashion we have employed an addi-
tional laser beam at 430 nm whih optially pumps all
4
3
P2 atoms into the 4
3
P1 state with a rate above 10
8
s
−1
.
These 4
3
P1 atoms add to those produed by deay from
3
1
D2 thus inreasing the 657 nm uoresene emerging
from the MOT when they deay to the ground state.
As illustrated in g. 3 we observe an inrease of the
red uoresene level by 1/8 when the optial pump-
ing laser is ative. Under the realisti assumption that
all 4
3
P2 atoms are optially pumped to 4
3
P1 instanta-
neously with respet to the time sale of their prodution
our observation suggests, that the 3
1
D2 → 43P2 deay
rate is 1/8 times that of the 3
1
D2 → 43P1 deay rate
whih is to be ompared with the theoretial branhing
ratio of 1/3. This disrepany is resolved by noting that
the 3
1
D2 → 43P2 deay takes 10 ms on average and thus
these atoms have traveled about 1 m, three times more
than the 4
3
P1 atoms. As a onsequene the 4
3
P1 atoms
remain entirely in the region mapped onto the photo
multiplier, while this is only the ase for about 40 % of
the 4
3
P2 atoms.
5 Possible limitations by old ollisions
The purely exponential trap deay suggests that at the
present apture rate of the MOT ollisional loss is not
yet a limiting loss mehanism omparable to the desired
loss due to the prodution of metastables. As a onse-
quene, in our ase of perfet reyling the prodution
rate of 4
3
P2 atoms equals the apture rate of the 4
1
S0-
MOT, i.e all atoms aptured from the Zeeman ooler are
eventually transfered into the desired metastable state.
It appears natural to ask whether a further inrease of
the MOT apture rate by improvement of the Zeeman
ooler will yield a further inrease of 4
3
P2-prodution,
or rather take us into the regime where inelasti olli-
sions ontribute a omparable loss. In order to inves-
tigate this question we have dereased the loss han-
nel whih results from the prodution of metastables by
repumping the 3
1
D2 atoms with a 671 nm laser bak
into the MOT yling transition[12℄. In this ase, we
observe a more than three-fold inrease of the trap de-
ay time to 72 ms (f. g. 2a) in ombination with a
twofold inreased 423 nm uoresene level. Moreover,
the deay aquires a learly non-exponential harater
yielding a slight urvature in the logarithmi plot of
the trap deay in g. 2(a). We have also observed the
loading proess of the MOT by suddenly turning on the
Zeeman ooler and reording the 423 nm uoresene.
It appears, that in ontrast to the observations regard-
ing the trap deay there is only a very small inrease
of the loading time onstant if we ativate the 671 nm
repumper. These observations strongly indiate the pres-
ene of an additional density dependent loss hannel o-
uring for the repumped MOT. In absene of suh an
additional loss mehanism our trap should be limited by
the linear loss resulting from ollisions with hot bak-
ground atoms, whih for our imperfet vauum ondi-
tions would still suggest a more than tenfold inrease
of the lifetime and the uoresene level. Moreover, for
linear loss the loading and deay should be purely ex-
ponential with the same time onstant. We assume that
inelasti two-body ollisions between old 4
1
S0 and 4
1
P1
atoms are responsible for the addtional trap loss. This
hypothesis is supported by observations in Strontium,
where a omparably large rossetion for suh ollisions
has been observed and theoretially explained with the
exsistene of a metastable
1Πg moleular state for the
strontium dimer, whih enables a lose approah of the
4
1
S0 and 4
1
P1 ollision partners without spontaneous
emission [13℄.
The rate equation for the trapping dynamis of the
MOT inluding two-body ollisions reads


N = R− ΓN− β
∫
n2(r) d3r (1)
where R is the MOT apture rate, Γ aounts for the
linear loss due to ollisions with hot bakground atoms,
β is the oeient for inelasti ollisions and n(r) =
n e−(r/a)
2
is the Gaussian distribution of the atomi den-
sity. The solution of this dierential equation for the
ondition of terminated loading (trap deay) is
N
N0
=
e−Γt
1 + ξ1−ξ (1− e−Γt)
(2)
where N0 = n0 (
√
pia)
3
denotes the steady state popula-
tion,
n0 =
√
2Γ 2
β2
+
8R
β
(√
2pia
)3
−
√
8Γ
2β
(3)
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is the orresponding steady state peak density in the
trap and
ξ =
βn0√
8Γ + βn0
=
√
1 + 4Rβ
Γ 2(
√
2pia)
3 − 1√
1 + 4Rβ
Γ 2(
√
2pia)3
+ 1
(4)
is a parameter in the interval [0, 1] whih denotes the
fration of quadrati loss relative to the total trap loss.
In the ase of trap loading the trapped population
inreases aording to
1− N
N0
=
e−γt
1
1+ξ +
ξ
1+ξ e
−γt
, γ =
1 + ξ
1− ξ Γ (5)
While the trap deay involves the linear loss rate Γ
loading ours with an inreased rate γ. The reason for
this behavior is that the loading is abruptly terminated
one the quadrati regime is reahed leading to shorter
loading times as ompared to what is expeted due to
linear losses. In ontrast to that, the linear loss time
onstant dominates the trap deay beause the initial
steady state density is never too far inside the quadrati
loss regime. This eet is learly observed in our experi-
ments. The above solutions are used to t the deay and
loading data shown in g. 2. The relevant time onstants
were 22.6 ms without repumping and 71.8 ms with re-
pumping. The parameter ξ turned out to be negligible
without repumping (ξ < 0.001) but takes the value ξ =
0.32 when repumping is applied. The expliit expression
for the parameter ξ in (4) shows that a diminishment
of the linear loss rate Γ by a fator of 3.1 introdued
by the 671 nm repumper yields the same inrease in ξ
as an enlargement of the apture rate R by a fator of
(3.1)
2 ≈ 10. We an thus onlude that an order of mag-
nitude inrease of the apture rate would yield a loss of
about 32 % of the atoms due to inelasti ollisions rather
than a transfer to the desired metastable state.
6 Conlusion
We have investigated the prodution of metastable al-
ium atoms in a magneto-optial trap operating on the
prinipal uoresene line. We obtain more than 1010
atoms in the 4
3
P2 state per seond at about 2 mK. An
order of magnitude improvement appears still possible
by improving the MOT apture rate, however at the
prie of entering the regime where inelasti light-indued
ollisions begin to seriously hamper the prodution of
metastables.
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